Linear rate-equilibrium (RE) relations, also known as linear free energy relations, are widely observed in chemical reactions, including protein folding, enzymatic catalysis, and channel gating. Despite the widespread occurrence of linear RE relations, the principles underlying the linear relation between changes in activation and equilibrium energy in macromolecular reactions remain enigmatic. When examining amphiphile regulation of gramicidin channel gating in lipid bilayers, we noted that the gating process could be described by a linear RE relation with a simple geometric interpretation. This description is possible because the gating process provides a well-understood reaction, in which structural changes in a bilayer-embedded model protein can be studied at the singlemolecule level. It is thus possible to obtain quantitative information about the energetics of the reaction transition state and its position on a spatial coordinate. It turns out that the linear RE relation for the gramicidin monomer-dimer reaction can be understood, and the quantitative relation between changes in activation energy and equilibrium energy can be interpreted, by considering the effects of amphiphiles on the changes in bilayer elastic energy associated with channel gating. We are not aware that a similar simple mechanistic explanation of a linear RE relation has been provided for a chemical reaction in a macromolecule. RE relations generally should be useful for examining how amphiphile-induced changes in bilayer properties modulate membrane protein folding and function, and for distinguishing between direct (e.g., due to binding) and indirect (bilayer-mediated) effects.
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Brønsted | linear free energy relationships | phi value | bilayer elasticity I t is a common observation that manipulations that alter the energetics of a reaction:
alter the rate constants (k 1 and k −1 ) and equilibrium constant (K eq ¼ k 1 ∕k −1 ), such that lnfk 1 g is a linear function of lnfK eq g. This linearity is interpreted to mean that, for a series of manipulations of the reaction, the activation free energy (ΔG ‡ ) varies as a linear function of the equilibrium free energy (ΔG 0 ):
where a is a slope factor and b a constant (1-3). Such linear relations, known as linear rate-equilibrium (RE) relations (4), linear free energy relations (5), or linear rate-equilibrium free energy relations (6), have been observed and studied since the early 1900s. First observed in acid-based reactions (7-9), they have been identified in a wide range of reactions (1-3). Leffler proposed, based on studies of covalent reactions, that the slope factor a (Eq. 2) identifies the position of the transition state on a reaction coordinate, where S and P are positioned at 0 and 1, respectively (5). Marcus and coworkers deduced the principles underlying linear RE relations in electron transfer processes using a model in which the transfer is described as a one-step transition between two harmonic energy wells (10, 11) . Fersht and coworkers used linear RE relations associated with protein mutations to probe the energetics and positions of transition states associated with protein folding and enzymatic catalysis (12) (13) (14) (15) -an approach that has been applied also to membrane proteins and channel gating (16) (17) (18) .
Despite the seminal work of Leffler, Marcus, Fersht, and others, the principles underlying linear RE relations in more complex reactions, such as those involved in protein folding and functional transitions, are not well-understood (17, (19) (20) (21) . That is, it is not obvious to what extent Marcus' two-state model can be extended to RE relations resulting from multiple noncovalent reactions associated with structural rearrangements in a macromolecule. Nor, is it obvious how the value of a (Eq. 2) should be interpreted (17, (19) (20) (21) .
We were struck by the observation that amphiphile-induced changes in the rate constants describing gramicidin (gA) channel gating in lipid bilayers are log-linearly related (22) , reminiscent of a linear RE relation. gA channel gating provides a reaction where structural changes (the monomer-dimer reaction) in a bilayerembedded model protein can be studied at the single-molecule level. It thus becomes possible to obtain quantitative information about the energetics of the reaction's transition state and its position on a spatial reaction coordinate.
gA channels are dimers (D) formed by transbilayer association of two nonconducting monomeric (M) subunits (Fig. 1A) (23) (24) (25) , for a recent review, see ref. 26 . The channel structure-a righthanded, single-stranded β 6.3 -helical dimer-is known at atomic resolution (Fig. 1B) (27) (28) (29) (30) . Channel formation and disappearance is described by the reaction (23):
where k 1 and k −1 are the association and dissociation rate constants, respectively. Combined optical and electrical measurements are consistent with all gA dimers in a bilayer being conducting (24) [a subset may be nonconducting (31) ]. The effects of manipulations that alter the activation energy for channel formation (ΔG ‡ 1 ) and dissociation (ΔG ‡ −1 ), and the equilibrium free energy (ΔG Fig. 1C ), are reported as changes in k 1 , k −1 , and K eq (channel dimerization constant ¼ k 1 ∕k −1 ), respectively (22, 26, 32) .
It is generally accepted that channel dissociation involves axial separation of the [β 6.3 -helical (33)] subunits by a small distance δ (0.1-0.2 nm, see Discussion), where the channel ceases to conduct (34) (35) (36) (37) (Fig. 1A) . Molecular modeling studies (36, 37) suggest that the process involves also a rotation and lateral displacement of the subunits relative to each other. Neither of these modes of motion are likely to be strongly coupled to the bilayer elastic properties-a notion that is strengthened by the linear relations between (ΔG ‡ −1 ) and bilayer thickness in previous studies (26, 35, (38) (39) (40) .
gA channel formation in a lipid bilayer with a hydrophobic thickness (thickness of the bilayer hydrophobic core, d 0 ) that exceeds the channel hydrophobic length [length of the channel hydrophobic exterior, l ∼ 2.2 nm (39, 41)], involves a local bilayer deformation to match the channel (35, (41) (42) (43) (44) (Fig. 1A) . The bilayer, in response, exerts a disjoining force (F dis ) on the channel. The change in bilayer elastic energy (ΔG 0 bilayer ) associated with channel formation contributes to the total free energy change of channel formation (ΔG 0 ):
where ΔG 0 protein summarizes energetic contributions not due to changes in bilayer elastic energy. Amphiphiles that, by absorbing at the lipid/solution interface, decrease the bilayer elastic (compression and bending) moduli (45, 46) decrease ΔG ‡ 1 and ΔG 0 (reported as an increase in k 1 and K eq , respectively) and increase ΔG ‡ −1 (reported as a decrease in k −1 ). We show that the effects of a series of amphiphiles on different gA channels in lipid bilayers can be described by a linear RE relation, which can be understood by considering the amphiphiles' effects on the gating-induced changes in bilayer elastic energy.
Results
The amphiphile Triton X-100 (TX100) increases the gA channel dimerization constant and lifetime (τ ¼ 1∕k −1 ) in lipid bilayers (47) (48) (49) (50) . To quantify the changes in gating energetics, we measured the effects on channel appearance frequency (f ), τ, and the time-averaged number of conducting channels (n ¼ f · τ). Fig. 2A shows a current trace from an experiment in which the effects of 3 μM TX100 on ½Ala 1 gA channels in diphytanoylphosphatidylcholine ðDPhPCÞ∕n-decane bilayers were studied using singlechannel voltage clamp. TX100 increases f , τ, and n. Fig . 2B shows the concentration-dependent effects of TX100 plus six other amphiphiles [capsaicin (52) , genistein (40) , and the lysophospholipids (LPLs): lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), lysophosphatidylinositol (LPI), and lysophosphatidylserine (LPS) (51)] known to alter gA channel gating by decreasing ΔG 0 bilayer (and F dis ). The effects of genistein and LPLs were studied using the native ½Val 1 gA. All the amphiphiles increase k 1 and K eq , and decrease k −1 . For the compounds examined, similar changes in K eq are obtained using hydrocarbon-free lipid vesicles (53) .
The relation between changes in gA channel gating kinetics and energetics can be expressed as:
where ΔΔG ‡ x and ΔΔG 0 are the amphiphile-induced changes in the energies relative to the reference situation, meaning that the ΔΔG ‡ x vs. ΔΔG 0 relation goes through (0.0). The subscript x denotes 1 or −1, k B is Boltzmann's constant, and T is the temperature in Kelvin, e.g., ref. 26 . based on the same results). The ΔΔG ‡ 1 − ΔΔG 0 relation can be approximated as a straight line (Eq. 2), with b ∼ 0 and a slope:
For the results in Fig. 3A : a ¼ 0.84 AE 0.02, b ¼ 0.01 AE 0.05 (AESE), and r ¼ 0.99. The changes in channel gating induced by seven structurally different amphiphiles exhibit a linear RE relation with a shared slope. Similar results were obtained using dioleoylphosphatidylcholine (DOPC) as the bilayer-forming lipid. Fig. 3B shows the effects of TX100, reduced Triton X-100 (rTX100) and seven other previously studied amphiphiles [2,3- Indeed, the DPhPC and DOPC results can be superimposed (Fig. 3C) , with the overall fit: a ¼ 0.83 AE 0.01, b ¼ −0.02 AE 0.03, and r ¼ 0.99. Fig. 3D shows the distribution of the slopes (values of −ΔΔG ‡ 1 ∕ − ΔΔG 0 ) for the different amphiphiles.
Discussion
We have shown that the effects of structurally diverse amphiphiles on the gating of channels formed by different gA analogues, including analogues of opposite chirality, can be described by a shared linear RE relation. We first discuss the validity of the linear approximations, then the possible role of specific amphiphilechannel interactions, and finally the mechanism underlying the linear RE relation and implications for membrane proteins. A statistical test of linearity is problematic, however. Except for the LPLs, ΔΔG ‡ 1 is determined from measured changes in k 1 , whereas ΔΔG 0 is determined from measured changes in k 1 and k −1 (40, 52, (54) (55) (56) (57) . So, k 1 contributes in the determination of both ΔΔG ‡ 1 and ΔΔG 0 . Using the LPLs, ΔΔG 0 is based on measured changes in K eq , whereas ΔΔG ‡ 1 is based on measured changes in both K eq and k −1 (51). So, K eq contributes in the determination of both ΔΔG ‡ 1 and ΔΔG 0 . This bias is reflected in the high r-values for the linear approximations in Fig. 3 . The relations between the underlying measured values, however, may also be approximated as being linear (see SI Text).
Possible Role of Specific Amphiphile-Channel Interactions. A large body of work, summarized in (26) , show that the amphiphiles examined (40, 50-52, 54-57) alter gA channel gating by changing the energetic cost of locally adjusting the bilayer hydrophobic thickness to match the channel length, with other energetic contributions to the gating process being not significantly altered. That is, specific amphiphile-channel interactions do not contribute to the changes in channel behavior. This conclusion is reinforced by the log-linear relation between amphiphile-induced changes in τ for gA channels of different lengths, including channels of opposite chirality (50) , which shows that the amphiphiles do not interact directly with (bind to) the channels. The linear ΔΔG ‡ 1 − ΔΔG 0 relation in Fig. 3 -again involving channels of opposite chiralityextends this conclusion. The shared ΔΔG ‡ 1 − ΔΔG 0 relation thus reports the relation between the amphiphile-induced changes in the bilayer energetic contribution to ΔG ‡ 1 (ΔG ‡ 1;bilayer ) and ΔG 0 bilayer , and Eq. 7 can be rewritten as:
It should be possible to extend this argument, to identify compounds that alter gA channel function by mechanisms other than changes in lipid bilayer properties, e.g., direct gA-amphiphile interactions. Such compounds would be expected to deviate from the log-linear relation between the changes in τ for channels of different length, e.g., ref. 50 , or the ΔΔG ‡ 1 − ΔΔG 0 relation in Fig. 3 .
Mechanisms Underlying the Linear RE Relation. The changes in bilayer deformation energy associated with gA channel function have been studied using continuum theories of elastic liquid crystal deformations. Using this framework ΔG 0 bilayer becomes:
where H B and H X are elastic coefficients (given by bilayer compression and bending moduli, d 0 , the channel radius, and-for multicomponent hydrocarbon containing bilayers-reorganization/redistribution of the bilayer constituents including the solvent), and c 0 is the monolayer intrinsic curvature (44, 49, 58) , see ref. 26 for a recent review.
In the case of water-soluble amphiphiles, changes in c 0 do not appear to contribute significantly to the changes in ΔG 0 bilayer (cf. 26, 50), meaning that the H X · ðl − d 0 Þ · c 0 term in Eq. 9 is invariant. This conclusion is reinforced by the results in Fig. 3 , as the effects of amphiphiles that promote positive c 0 [TX100, rTX100 (52), LPLs (51)] or negative c 0 [capsaicin (52) , DHA (55)] can be described by shared ΔΔG ‡ 1 − ΔΔG 0 relations. To a first approximation, therefore, the amphiphile-induced changes in ΔG 0 bilayer can be described by changes in H B (50) 
[10]
The changes in bilayer elastic energy associated with local adjustments of bilayer thickness from d 0 to l þ δ (where channel conductance is lost) similarly may be approximated as:
Combining Eqs. 8, 10, and 11:
The linear RE relation describing amphiphile-regulation of gA channel gating thus arises from the channel-bilayer energetic coupling-and the changes in bilayer elastic energy associated with channel gating. Eq. 12 provides a quantitative link between the changes in bilayer elastic energy associated with gA channel gating-as evaluated from continuum theories of elastic bilayer deformationsand changes in channel gating kinetics-as evaluated from a linear RE relation. That is, one may predict the value a based on a priori estimates of δ, and estimate the value of δ based on the observed value of a.
Previous studies have estimated the value of δ (34, 36, 37). Channel association/dissociation reflects the making/breaking of the hydrogen bonds joining the subunits in the conducting channel. The alternating L and D sequence of gA (59) means that the β 6.3 -helical subunits can be connected only by two, four, or six hydrogen bonds, as the two subunits rotate relative to each other. Removal of a single hydrogen bond at the join between the subunits decreases channel stability 500-fold-corresponding to a change in ΔG 0 of ∼6k B T (34). The magnitude of this destabilization and the rarity of channel flicker events-which would indicate revisits from the 4 hydrogen bond state to the 6 hydrogen bond state-suggests that the transition state is reached when two hydrogen bonds are broken, i.e., when the subunits have moved approximately 0.16 nm apart (corresponding to a relative subunit rotation of approximately 120°) (34) . A similar estimate was obtained in molecular modeling studies (36, 37) .
Based on the relation between amphiphile-induced changes in ΔG ‡ −1 for gA channels of different lengths, d 0 in DPhPC∕n-decane or DOPC∕n-decane bilayers has been estimated to approximately 4.0 nm (50) . Using Eq. 12, d 0 ¼ 4.0 nm, l ¼ 2.2 nm (39, 41) , and δ ¼ 0.16 nm, a is predicted to be 0.83, in good agreement with experimental results (Fig. 3) . Conversely, if one estimates δ based on a (Fig. 3 A-B ), δ is approximately 0.15 and 0.25 nm in DPhPC-or DOPC-containing bilayers, respectively. Combining the results in DPhPC and DOPC (Fig. 3C ), δ ∼ 0.16 nm. The agreement between the predictions of Eq. 12 and the experimental results is remarkably good.
Implications for Membrane Proteins. Reflecting the simple, welldescribed character of gA channel gating, the present findings have implications for membrane proteins generally.
First, with respect to the regulation of membrane protein function by bilayer physical properties. We showed previously that the effects of structurally diverse amphiphiles on gA channels of different lengths can be described by a simple elastic model, in which changes in bilayer elastic properties are summarized as changes in H B -and, further, that gA-based measurements of changes in H B provide for quantitative predictions of the effects of amphiphiles on voltage-dependent sodium channels in living cells (50) . We now extend this finding, using the linear RE relation for gA channel gating, to show that the elastic membrane model allows us to predict changes in the kinetics of one structural transition in a bilayer-embedded protein from changes in the kinetics of another transition. Similar predictions have not been reported for other membrane proteins, but should be obtainable because membrane protein function generally involves conformational changes at the protein/bilayer boundary (see ref. 26 for a list of proteins), including changes in hydrophobic length [e.g., KcsA (60), MsCL (61, 62) and MscS (63, 64) ].
Second, with regard to amphiphile regulation of membrane protein function. As noted, the effects of compounds that alter gA channel function by other mechanisms than changes in bilayer elasticity would be expected to deviate from the shared RE relation in Fig. 3 . This argument can be extended to integral membrane proteins, to provide a strategy for determining whether amphiphiles alter membrane protein function by direct (binding) or indirect (bilayer-mediated) mechanisms. Membrane protein folding (21) and function (65) (66) (67) (68) , for example, can be described by linear RE relations, and the reaction coordinate in Fig. 1C should apply generally to membrane proteins that undergo conformational changes involving the protein/bilayer boundary. Amphiphiles that alter, e.g., channel gating by a bilayer-mediated mechanism, therefore should have a shared linear RE relation with a slope determined by ΔΔG ‡ bilayer ∕ΔΔG 0 bilayer . Amphiphiles that interact directly with the protein would be expected to give rise to additional ΔΔG ‡ protein contributions to ΔΔG ‡ , and their effects would be expected to deviate from the shared linear RE relation. It thus becomes possible to determine if a compound alters protein function by bilayer-mediated or other mechanisms.
Finally, with respect to linear RE relations associated with membrane protein folding (21) and function (65) (66) (67) (68) . The structural interpretation of such relations remains difficult. The present results provide an example of a linear RE relation with a slope that can be interpreted within the framework of a reasonably well-defined structural transition in a bilayer-embedded protein. The combination of the structural model for gA channel association/dissociation with the theory of elastic bilayer deformation leads naturally to linear RE relations, with slopes a (similar to Brønsted's β, Leffler's α, and Fersht's Φ) that can be interpreted with reference to a spatial reaction coordinate and thus allow for an estimate of the position of the transition state on this coordinate. A similar analysis should be possible for other membrane protein conformational changes that involve changes in the protein's hydrophobic length (e.g., the examples listed above).
Conclusions
The linear RE relation for amphiphile-induced changes in gA channel gating is a consequence of the regulation of channel gating by the bilayer elastic properties. A unique property of the gA monomer ↔ dimer reaction is that the process can be described by a reaction coordinate that can be mapped against an external (spatial) reference. This mapping allows for a quantitative, mechanistic explanation of the associated linear RE relation (and value of a). That such an interpretation has been provided remains a unique situation for a chemical reaction in a macromolecule. Moreover, studies of linear RE relations associated with amphiphile-induced changes in membrane protein folding and function provide a tool for studying the structural transitions underlying such changes and for exploring whether small amphiphiles alter protein function by direct interactions or by indirect, bilayer-mediated mechanisms.
Materials and Methods
Gramicidin analogues ½Ala 1 gA, ½Ala 1 gA − , and ½Val 1 gA were synthesized following ref. 69 . Single-channel measurements using TX100 or rTX100 (or other amphiphiles in previous studies) were done in DPhPC or DOPC ðAvanti Polar LipidsÞ∕n-decane bilayers, separating 1.0 M NaCl, 10 mM Hepes, pH 7 solutions using the bilayer punch method at 25°C (see 26) . gA analogues and amphiphiles were added to the solutions on each side of the bilayer. The applied potential was AE200 mV. Survivor plots of channel lifetimes were fitted by single exponential distributions, NðtÞ∕Nð0Þ ¼ expf−t∕τg, where NðtÞ is the number of channels with duration longer than time t, and τ the average lifetime. Measurements of changes in f and n, and sources or errors, are described in SI Text. The linear approximations in Fig. 3 and Fig. S1 were evaluated using Pearson's r. Except where noted, results are given as mean AE SEM.
